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Tubuloglomerular feedback responses during perfusion with
nonelectrolyte solutions in the rat. Previous studies in the dog
have demonstrated that feedback-mediated decreases in stop-
flow pressure (SFP) can occur during distal nephron perfusion
with solutions containing either electrolytes or nonelectrolytes.
In contrast, studies in the rat indicate that perfusion with non-
electrolyte solutions do not elicit decreases in SFP or single
nephron GFR (SNGFR). The present study was conducted in the
rat to evaluate SFP and SNGFR feedback responses to perfusion
with an isotonic mannitol solution containing no electrolytes,
and urea and mannitol solutions containing small quantities of
electrolytes. The latter two solutions each contained 23 mEq of
chloride per liter and are referred to as low-electrolyte solutions
(LES). Results obtained with these solutions were compared
with those obtained during perfusion with an artificial tubular
fluid (ATF). In additional experiments, distal tubular fluid collec-
tions were taken during perfusion and measured for chloride con-
centration and osmolality. The maximal decrease in SNGFR
from the control value was 58 5% with ATF, 61 8% with
isotonic mannitol, 44 5% with mannitol-LES, and 55 6%
with urea-LES. The maximum decrease in SFP from the control
measurement was 11 1 mm Hg with ATF, 10 2mm Hg with
isotonic mannitol, 11.8 1.0mm Hg with mannitol-LES, and 12
1 mm Hg with urea-LES. In the ATF series, increases in per-
fusion rate from 10 to 35 nhlmin led to increases in chloride from
77 6 to 120 7 mEq/liter and in osmolality from 203 8 to 259
m0smlkg. In the tubules perfused with mannitol-LES, chlo-
ride decreased from 81 4 to 66 4 mEq/liter; however, Os-
molality increased from 294 9 to 322 11 mOsm/kg. With
urea-LES, chloride did not change significantly (66 4 to 73 6
mEq/liter) but, the osmolality rose from 200 9 to 268 11
mosm/kg. These results demonstrate that tubuloglomerular
feedback responses can be elicited during perfusion with solu-
tions having low concentrations of electrolytes and with nonelec-
trolyte solutions. Furthermore, although distal perfusion with
ATF led to concomitant increases in the chloride concentration
and the osmolality, the distal chloride concentration did not in-
crease significantly during perfusion with the solutions having
low concentrations of electrolytes.
Feedback tubuloglomérulaire au cours de Ia perfusion de solu-
tions non électrolytiques chez le rat. Des travaux antérieurs chez
le chien ont démontré que des diminutions de Ia pression de
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stop-flow (SFP) liées au feedback peuvent survenir au cours de
Ia perfusion du néphron distal avec des solutions électrolytiques
ou non électrolytiques. Les travaux chez le rat, au contraire,
indiquent que Ia perfusion avec des solutions non électrolytiques
ne determine pas de diminution de SFP ou de SNGFR. Ce travail
a été réalisé chez le rat pour dvaluer les réponses en feed-back
de SFP et SNGFR a une perfusion avec une solution isotonique
de mannitol sans electrolytes et des solutions d'urée et de manni-
tol contenant de faibles quantités d'électrolytes. Les deux derni-
ères solutions contenaient 23 mEq de chlore per litre et sont ap-
pelées solutions pauvres en electrolytes (LES). Les résultats ob-
tenus avec ces solutions sont compares a ceux obtenus au cours
de Ia perfusion avec un liquide tubulaire artificiel (ATF). Dans
d'autres experiences du liquide tubulaire distal a été recueilli au
cours de la perfusion pour Ia determination de Ia concentration
de chlore et de l'osmolalité. La chute maximale de SNGFR par
rapport au contrôle a été de 58 5% avec ATF, 61 8% avec le
mannitol isotonique, 44 5% avec le mannitol LES et 55 6%
avec l'urée LES. La diminution maximale de SFP a partir des
valeurs contrôles a été de 11 1 mm Hg avec ATF, 10 2 mm
Hg avec le mannitol isotonique, 11,8 1,0mm Hg avec le man-
nitol LES, et 12 1 mm Hg avec l'urée LES. Dans les cx-
périences avec ATF, l'augmentation du debit de perfusion de 10
a 35 nl/min a déterminé une augmentation de chlore de 77 6 a
120 7 mEq/litre et de 203 8 a 259 7 mOsm/kg. Dans les
tubules perfusés avec le mannitol LES, chlore a diminué de 81
4 a 66 4 mEq/litre; osmolalité, cependant, a augmenté de 294
9 a 322 11 mOsmlkg. Avec l'urée LES, chlore n'a pas
change significativement (66 4 a 73 6 mEq/litre) mais os-
molalité a augmenté de 200 9 a 268 11 mOsm/kg. Ces résul-
tats démontrent que les réponses du feedback tubulo-
glomérulaire peuvent étre obtenues au cours de Ia perfusion avec
des solutions dont les concentrations d'électrolytes sont faibles
et avec des solutions non électrolytiques. De plus, alors que la
perfusion distale avec ATF determine des augmentations con-
comitantes de chlore et osmolalité, Ia concentration distale de
chlore n'augmente pas significativement au cours de Ia perfusion
avec des solutions a faibles concentrations d'électrolytes.
Studies in both dog [1-4] and rat [5-8] have dem-
onstrated that increases in distal nephron flow rate
result in feedback-mediated decreases in single
nephron glomerular filtration rate (SNGFR) and
stop-flow pressure (SFP). Although the existence of
the distal tubuloglomerular feedback system has
now been firmly established, several important as-
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pects of the mechanism remain unresolved [9-10].
One of the most interesting and controversial issues
related to this mechanism involves the process
whereby a particular constituent of tubular fluid
is sensed by the macula densa cells of the distal
tubule. This problem has been approached several
ways.
In a recent study in the dog [11], we found that
feedback-mediated decreases in SFP occurred dur-
ing orthograde microperfusion with an electrolyte
solution (artificial tubular fluid) as well as with non-
electrolyte solutions containing mannitol, urea, or
glucose. The maximum decrease in SFP with the
nonelectrolyte solutions was similar to that ob-
tained with artificial tubular fluid (ATF) but oc-
curred at lower perfusion rates. Although these so-
lutions did not contain electrolytes, it was not pos-
sible to determine the extent to which sodium
chloride and other substances entered the perfusate
during passage through the loop of Henle. In con-
trast, studies in the rat by Schnermann et al [5, 12]
have indicated that distal microperfusion with an
isotonic mannitol solution does not elicit decreases
in either SFP or SNGFR. In addition, using a retro-
grade perfusion technique in which perfusion is
from an early distal tubule site, these workers found
that feedback responses were most consistently
elicited by solutions containing chloride [131.
The reason that microperfusion with nonelec-
trolyte solutions elicited feedback responses in the
dog but not in the rat is not clear but could be due to
either a true species difference or the techniques
used to evaluate the feedback system. This appar-
ent discrepancy prompted us to reevaluate the ef-
fects of microperfusion with nonelectrolyte solu-
tions on feedback responses in the rat. In contrast
to the dog, distal tubules are frequently present on
the surface of the rat kidney, making it possible to
collect distal tubule fluid samples from perfused tu-
bules and to determine some of the compositional
changes occurring during passage through the loop
of Henle.
In initial studies examining SFP and SNGFR
feedback responses to perfusion with an isotonic
mannitol solution containing no electrolytes, we ob-
served that there was less consistency than original-
ly found in the dog, and some tubules did not ex-
hibit a feedback response during increases in per-
fusion rate. In most tubules perfused with isotonic
mannitol, however, SFP or SNGFR decreased
abruptly even at relatively low perfusion rates, but
the responses were more variable compared with
the responses obtained with ATF. This suggested
that perfusion with a solution devoid of electrolytes
may lead, in some cases, to an intraluminal environ-
ment not favorable for the demonstration of feed-
back responses. Assuming that minimal quantities
of various electrolytes might be necessary for the
integrity of the system, the nonelectrolyte-contain-
ing solutions used in the present study contained
the same basic composition as that of ATF with the
exception of sodium chloride.
Methods
Microperfusion experiments were performed on
Sprague-Dawley rats weighing between 210 and 280
g. The animals were maintained on a commercial
diet (Wayne Lab Blox, Allied Mills, Chicago, Illi-
nois) that contained 0.15 mEq of sodium per gram
of chow. The rats were anesthetized with sodium
pentobarbital (Nembutal®, 50 mg/kg, i.p.) and
placed on a servo-controlled heated table. A tra-
cheostomy was performed to maintain a patent air-
way, and catheters were placed in the external jugu-
lar vein for the infusion of an isotonic saline solu-
tion (1.2 mllhr) and for administration of additional
anesthetic as required. Arterial pressure was mea-
sured with a pressure transducer (Statham Labora-
tories, Inc., Hato Rey, Puerto Rico) through a cath-
eter inserted into the femoral artery and recorded
on a polygraph (Grass Instruments, Quincy, Massa-
chusetts). Blood samples were also collected
through this catheter.
The left kidney was exposed through a flank in-
cision, freed of adjacent tissue, and placed in a
small plastic (Lucite) cup. Warmed agar was
dripped around the kidney to maintain a saline well
on the kidney surface, and the micropuncture field
was illuminated through a quartz rod. The ureter
was catheterized to allow for timed urine collec-
tions. After completion of the surgery, the saline in-
fusion was replaced by an inulin (mutest) solution
(7.5% polyfructosan in isotonic saline, Laeavosan,
Innsbruck, Austria), given as a priming dose of 0.75
ml and followed by an infusion at 1.2 mllhr. mutest
was administered to the rats in which SNGFR mea-
surements were obtained.
The single nephron microperfusion technique
was similar to that reported for both dogs and rats
[1, 2, 6, 11]. A proximal tubule was selected at ran-
dom and punctured with a 1- to 2-pm micropipette
filled with a tinted solution (fast green). Tubules
with three or more surface convolutions were iden-
tified by injecting a small quantity of the stained so-
lution into the tubule. The intermediate segment of
the nephron was blocked with wax by using a pi-
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pette filled with bone wax and driven by a micro-
drive unit (Trent Wells, South Gate, California). A
small cast of wax four to five tubule diameters in
length was injected to provide a solid immobile
block [14].
In 20 experiments where SNGFR was measured,
a pipette filled with castor oil, stained with Sudan
black, was inserted into the tubule proximal to the
wax block. An oil block was injected, and a timed 3-
to 5-mm tubular fluid collection was obtained prior
to the microperfusion procedure. To initiate per-
fusion, we inserted a pipette filled with one of four
perfusion solutions, and connected to a variable
speed microperfusion pump (Walter Klotz, Munich,
Germany), into the last accessible proximal tubule
segment distal to the wax block. Tubular fluid col-
lections for the determination of SNGFR were
taken at perfusion rates of 10 and 35 ni/mm. Per-
fusion rate (PR) was maintained for at least 3 mm
before tubular fluid collections were initiated. Once
SNGFR had been evaluated at the highest perfusion
rate, the perfusion pipette was removed, and a final
tubular fluid collection was taken 3 mm following
cessation of perfusion. Tubular fluid volumes were
measured with a calibrated micropipette by a slide
comparator (Gaertner Scientific Corp., Chicago, Il-
linois), and tubular fluid inulin concentration was
measured by a microfluorometric method [15].
SNGFR was calculated from the product of the vol-
ume flow rate and the tubular fluid to plasma inulin
concentration ratio.
In 28 experiments where SFP was measured, tu-
bule pressures were measured by a micropressure
servo-null system (Instrumentation for Physiology
and Medicine, San Diego, California). Once a solid
wax cast was injected, tubule pressure increased
slowly, and maximum SFP was usually obtained af-
ter 2 to 3 mm. After obtaining a stable SFP, the per-
fusion pipette was inserted, and perfusion was initi-
ated at 8 to 10 nllmin. Perfusion rate was increased
to an intermediate value between 15 and 20 nllmin
and then to a high rate of 35 nllmin; it was main-
tained at each rate for 2 to 5 mm to allow SFP to
reach a stable value. The perfusion pipette was then
removed, and SFP was reassessed following cessa-
tion of perfusion.
The composition of the perfusion solutions are
shown in Table 1. Four solutions were tested. The
first solution, an artificial tubular fluid (ATF), was
similar to that used previously [1—3,6, 11]. The ma-
jor constituents of this solution were sodium and
chloride. The second solution consisted primarily of
urea, and the third solution was mostly mannitol.
These solutions contained small quantities of elec-
Table 1. Composition of perfusion solutionsa
Perfusates
—
Electrolytes, mEqiliter .
Osmolality
mOsm/kgNa CF K HCO3
ATF 145 125 5 25 290
Urea-LES 28 23 4.7 10 298
Mannitol-LES 29 23 5 10 300
Mannitol — — — — 300
a The ATF (artificial tubular fluid), urea-LES (low electrolyte
solution), and the mannitol-LES also contain: calcium, 4 mEq/
liter; magnesium, 2 mEq/liter; sulfate, 2 mEq/liter; phosphate, 2
mEq/liter, and urea, 250 mg/liter.
trolytes and nonelectrolytes normally present in
tubular fluid, the specific difference being that man-
nitol and urea were used to substitute for the so-
dium chloride. The fourth solution was isotonic
mannitol, which contained no electrolytes. All solu-
tions were lightly tinted with 0.1% fast green dye.
In 19 experiments, distal tubular fluid collections
were taken during perfusion from a late proximal
tubule site. For these experiments, an identification
pipette containing ATF was inserted into a random
proximal tubule, and a small amount of solution was
injected to identify proximal and distal tubule seg-
ments. The stained solution appeared in distal tubu-
lar segments approximately 20 sec following injec-
tion. Only nephrons with surface distal tubules
were selected for this phase of the study. A wax
block was inserted into an intermediate proximal
segment, and a perfusion pipette containing one of
the three solutions was placed into the terminal
proximal tubule segment. Perfusion rate was initi-
ated at 5 to 10 nllmin and maintained for 2 to 3 mm
after the stained perfusate appeared in the distal
segments. Next, a collection pipette was inserted
into the earliest surface distal tubule segment, an oil
block was injected, and a complete 3- to 12-mm dis-
tal tubular fluid collection was obtained. Care was
taken to avoid retrograde contamination of the
sample; if any unstained fluid was aspirated into the
pipette, the collection was discarded. The perfusion
rate was increased to a range of 15 to 20 nllmin and
then to 30 to 35 nllmin with additional collections
taken at each perfusion rate. Perfusion was main-
tained for 3 to 5 mm before each subsequent collec-
tion was started. Sufficient methoxy-3H-inulin (New
England Nuclear Corp, Boston, Massachusetts)
was added to the perfusion solutions to achieve an
activity of 150 to 200 cpm/nl.
The volume of the distal tubule fluid samples was
measured with the slide comparator. Two aliquots
of the sample were then withdrawn, and the remain-
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ing volume was remeasured. The methoxy-3H-
inulin activity from this remaining volume was
counted for 10 mm in a liquid scintillation spectrom-
eter (Analytic 92, Searle Analytic, Des Plaines, Illi-
nois). In one aliquot of sample, distal tubular fluid
chloride concentration was measured by electro-
metric titration (model FT-2230 microtitrator, W-P
Instruments, Inc., New Haven, Connecticut) by the
method of Ramsay, Brown, and Crogham [16]. In
the other aliquot, osmolality was measured in dupli-
cate by freezing point depression in a nanoliter os-
mometer (Clifton Technical Physics, Hartford,
New York). The perfusion solutions were also rou-
tinely measured for osmolality and chloride concen-
tration.
During the experiment, systemic arterial pressure
was continuously monitored. Two to three urine
samples were collected under oil, and a blood
sample of 150 sl was obtained at the midpoint of
each urine collection. Total volume of each urine
sample was determined by weight. Microhematocrit
measurements were performed on all blood sam-
ples. Inulin concentration in both urine and blood
samples was measured by an anthrone colorimetric
technique, and GFR was calculated by the standard
clearance formula. At the end of the experiment,
the kidney was excised, blotted dry, and weighed.
The calculations used in this study are as follows:
TF*Perfusion rate (PR) = ______ .Perf
where TF* is tubular fluid methoxy-3H-inulin activ-
ity, Perf* is perfusate (methoxy-3H) inulin activity,
and V is distal tubular fluid flow in ni/mm.
Absolute fluid absorption or influx
= PR - V
Fractional absorption or influx =
PR-V
PR
Chloride delivery to distal tubule (pEq/min)
= CIDTF (4)
where C1DTF' is chloride concentration in distal
tubular fluid.
Solute delivery to distal tubule (pOsm/min)
V OSmDTF (5)
where O5mDTF is osmolality of distal tubular fluid.
Net absolute chloride absorption of influx
(pEq/min) = PR . Ciperi — V C1DTF (6)
where ClpFf is chloride concentration in the per-
fusion solution.
Net solute absorption or influx (pOsm/min)
= PR . Osmperf — 05fl1JF (7)
where Osmperf is osniolality of perfusion solution.
In the distal collection experiments, the perfusate
contained methoxy-3H-inulin, and because com-
plete distal tubular fluid samples were obtained it
was possible to calculate perfusion rate directly.
Measurements of perfusion rate were calculated
from distal tubule fluid collections in 36 tubules. At
the meter setting of 10, perfusion rate was 9.3
(sEM) 0.5 nllmin. When the meter was set at 20, cal-
culated perfusion rate averaged 18 1 nllmin, and
at the meter setting of 35 the perfusion rate aver-
aged 31 1 nllmin.
The data were analyzed by Student's t test for
paired observations, or where appropriate, the t test
for unpaired observations. Data are presented as
means the standard errors of the means.
Results
The hemodynamic and clearance data taken dur-
ing the experiments indicated that renal function
was within the normal range. Arterial pressure was
122 1 mm Hg, and GFR averaged 1163 93 uJ/
mm or 1199 88 il/ming of kidney wt. The hema-
tocrit was 45 1%, and urine flow averaged 3.9
0.4 dImin.
Effect of variations in perfusion rate and per-
(1) fusate composition on SNGFR and SFP feedback
responses. SNGFR determinations were made dur-
ing perfusion with ATF, isotonic mannitol, manni-
tol-LES, and urea-LES. The results are shown in
Table 2. A total of 10 tubules were studied during
perfusion with the isotonic mannitol solution. In 2
tubules, however, there was no change in SNGFR
with increases in perfusion rate. Only the 8 tubules
in which significant decreases in SNGFR occurred
are included in Table 2. When all 10 tubules were
considered, the maximum decrease in SNGFR from
no perfusion to perfusion at 35 nI/mm was 13 4 nIl
mm; a value significantly different from zero (P <
0.01). With the other solutions, feedback responses
were obtained in all tubules studied. In the absence
of microperfusion, average SNGFR values were not
significantly different between the four groups. Dur-
ing microperfusion at 10 nl/min, SNGFR was signif-
icantly reduced in each group; furthermore, manni-
tol-LES and urea-LES elicited decreases in SNGFR
that were significantly greater than those occurring
during perfusion with ATF. There was no significant
difference in the SNGFR feedback responses at a
perfusion rate of 10 nI/mm between ATF and the
tubules perfused with isotonic mannitol solution.
(2)
(3)
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Table 2. Single nephron GFR (SNGFR) feedback responses during microperfusiona
No perfusion Perfusion rate of 1 0 nllmin Perfusion rate of 35 nL/min
V SNGFR V SNGFR V SNGFR
Perfusate nllmin TF/P ni/mm ni/mm TF/P ni/mm ni/mm TF/P ni/mm
ATF(N=23) 21±1 1.5±0.1 33±2 15±1 1.7±0.1 27±3 7±2 1.7±0.1 12±2
Mannitol(N = 8) 19 3 1.6 0.2 29 2 14 4 1.3 0.1 19 4 8 2 1.4 0.2 11 3
Mannitol-LES(N= 12) 20 1 1.4 0.1 28 3 15 2 1.3 0.1 19" 2 12 1 1.3 0.1 15 I
Urea-LES(N8) 20 1 1.4 0.1 27 3 11 1 1.5 0.1 17" 2 6 1 1.8 0.2 11 1
a N denotes number of tubules. V is distal tubular fluid flow, and TF/P is tubular fluid to perfusate inulin ratio. Other abbreviations are
defined in Table 1. Values are the means SEM.
P <0.05 compared with ATF series.
With the urea-LES, SNGFR feedback responses were also evaluated at a perfusion rate of 20 nl/min. V was 8.7 0.9 nllrnin, TF/P
averaged 1.65 0.2, and SNGFR was 14 0.9 nI/mm.
On the average, SNGFR decreased more with the
isotonic mannitol solution compared with mannitol-
LES or urea-LES. The variability in the magni-
tude of the response was, however, much greater
with the isotonic mannitol solution compared with
the other three solutions. The greater variability
in SNGFR feedback responses at the low perfu-
sion rate with the isotonic mannitol precluded es-
tablishing a significant difference between ATF
and isotonic mannitol SNGFR values. With increas-
es in PR to 35 nl!min, SNGFR decreased further
with all solutions, but the decrease in the ATF se-
ries was greater, and the SNGFR values were simi-
lar at this PR. The overall decreases in SNGFR
were 58 5% (ATF series), 61 8% (isotonic man-
nitol series), 44 5% (mannitol-LES series), and 55
6% (urea-LES series). As shown in Table 2, the
reductions in SNGFR were due to changes in vol-
ume flow rate, and there were no consistent
changes in the tubular fluid to plasma inulin ratio.
Upon cessation of perfusion and removal of the per-
fusion pipette, SNGFR returned towards control
values and was 23 I in the ATF series, 21 2 in
the isotonic mannitol group, 24 2 in the mannitol-
LES group, and 22 3 nI/mm in the urea-LES
group.
Stop flow pressure (SFP) feedback responses
were obtained during perfusion with all four solu-
tions. The results are depicted in Fig. 1. Control
SFP was similar in the four groups, averaging 38 to
39 mm Hg. In the ATF series, increasing PR to 10
nhlmin reduced SFP to 34 1 mm Hg; SFP de-
creased progressively to 30 1 and 27 1 mm Hg
with further increases in PR to 20 and 35 ni/mm. A
total of 22 tubules were studied during perfusion
with the isotonic mannitol solution. In 4 tubules
however, there was no change in SFP with increas-
es in perfusion rate. Only the 18 tubules in which
significant decreases in SFP occurred are included
in Fig. 2. With the isotonic mannitol solution, SFP
averaged 26 2 mm Hg at a PR of 10 nI/mm, and 29
2 mm Hg at perfusion rates of 20 and 35 nllmin.
When all 22 tubules were considered, the average
decrease in SFP from no perfusion to perfusion at
35 ni/mm was 8 2 mm Hg. This value was signifi-
cantly different from zero (P < 0.01). During per-
fusion with mannitol-LES, SFP decreased to 33 2
(•) ATF (N = 28)
(o) Mannitol-LES
(N= 12)
(D) Urea-LES(N 22)
(.) Isotonic mannitol
solution
(N= 18)S
S
=
S0
a.0
20
Perfusion rate, ni/rn in
Fig. 1.Relationship between stop-flow pressure and distal neph-
ron perfusion rate with artficiai tubular fluid (ATF), isotonic
mannitol, mannitol-LES, and urea-LES. Numbers in parentheses
denote numbers of tubules studies. All values are presented as
the means SEM
25
I
0 10 30 40
Tubulogloinerular feedback with nonelectrolyte solutions 465
— I
'f
El
I
350
i::
•
II
mm Hg at the low PR; SFP was 28 3 mm Hg at a
PR of 16 ni/mm and 27.7 2.5 mm Hg at a PR of 35
ni/mm. During perfusion with the urea-LES, SFP
decreased to 30 1 mm Hg at the low PR, and to 28
1 and 26 2 mm Hg at the intermediate PR and
high PR, respectively. On removal of the perfusion
pipette, SFP increased to 38 1 in the ATF series,
38 1 in the isotonic mannitol series, 39 1 in the
mannitol-LES series, and 37 1 mm Hg in the
urea-LES series. Overall, the decreases in SFP
were not significantly different from each other and
were 11 1 for the ATF series, 10 2 for the iso-
tonic mannitol series, 11.8 1.1 for the mannitol-
LES series, and 12 1 mm Hg for the urea-LES
series.
To assess whether the SFP feedback responses
during perfusion with ATF, isotonic mannitol, man-
nitol-LES, and urea-LES are sustained responses,
some of the tubules were intentionally perfused at the
various rates for periods of time in excess of 3 mm;
some tubules were perfused for 20 mm total time
and up to 8 to 10 mm at individual perfusion rates.
For the analysis, shown in Table 3, SFP was as-
sessed at each perfusion rate during the first 1 to 2
mm of perfusion (SFPeariy) and again during the last
mm of perfusion (SFPiate). Although a slight waning
tendency occurred, the results clearly demonstrate
that ATF, mannitol-LES, and urea-LES are ca-
pable of eliciting sustained feedback responses.
ATF These values for SFP attained during 5 to 6 mm of
(N 15) perfusion with ATF, mannitol-LES, and urea-LES
were essentially the same as those values obtained
from the larger series of tubules shown in Fig. 2. In tu-
bules perfused with isotonic mannitol, the initial de-
creases in SFP were not usually sustained, and SFP
would gradually increase by 3 to 6 mm Hg over peri-
ods of 3 to 5 mm. As can be seen, this waning effect
was not observed with urea-LES and mannitol-LES
even when perfusion was maintained for longer pe-
riods of time.
Effects of variations in perfusion rate and per-
fusate composition on distal tubular flow and com-
position. The changes in distal tubular fluid flow and
composition occurring during perfusion with ATF
are shown in Fig. 2 and Table 4. At each perfusion
rate, there was a significant absorption of the solu-
tion, and the tubular fluid to perfusate (TF/P) me-
thoxy-3H-inulin ratio was 2.6 0.4 at the low PR,
1.6 0.1 at the intermediate PR, and 1.3 0.1 at
the high PR. In the ATF series, distal chloride con-
centration averaged 77 6 at the low PR and in-
creased to 98 7 and to 120 7 mEq/liter at the
intermediate PR and high PR, respectively. Com-
pared with the perfusate chloride concentration,
distal tubular fluid chloride decreased by 48 6 (P
<0.001) at the low PR, 27 6 mEq/liter (P <0.005)
at the intermediate PR, and was not significantly
different from the perfusion solution, 4 7 mEq/
liter (P > 0.4), at the high PR. With increases in PR,
there were elevations in chloride delivery which
were the result of increases in both volume flow rate
and distal chloride concentration. Distal tubular
fluid osmolality was 203 8 at the low PR, in-
creased to 231 7 at the intermediate PR, and rose
further to 259 7 mOsm/kg at the high PR. At all
perfusion rates, the osmolality of the collected fluid
was significantly lower than the perfusate os-
molality. At the low PR, the decrease in osmolality
was 87 8 (P <0.001), at the intermediate PR the
difference in osmolality was 59 7 (P < 0.001), and
at the high PR it was 31.0 7.2 mOsm/kg (P <
30
20
10
0
0
Perfusion rate, ni/rn in
Fig. 2. Relationships between perfusion rate and distal tubular
flow (lower panel), distal tubular chloride concentration (middle
panel), and distal tubular fluid osmolality (upper panel) in ATF-
perfused tubules. In the lower panel, the dashed line indicates
equivalence between perfusion rate and distal flow rate. Lines
connect collections obtained in the same tubule at different per-
fusion rates.
40
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Table 3. Stop-flow pressure (SFP) feedback responses during sustained perfusiona
The negative signs refer to the influx
0.005). Solute delivery increased progressively as
PR was elevated and was the result of increases in
both distal osmolality and volume flow rate.
The changes in distal tubular fluid flow and com-
position during perfusion with mannitol-LES are al-
so included in Table 3, and flow rate, osmolality and
chloride concentration are shown in Fig. 3. At each
perfusion rate, there was a significant influx of fluid
into the perfusate such that distal flow rate was
greater than perfusion rate. The TF/P methoxy-3H-
inulin ratio was 0.69 0.03 at the low PR, 0.81
0.03 at the intermediate PR, and 0.86 0.02 at the
high PR. Chloride concentration in the distal fluid
samples averaged 81 4 at the low PR, and fell to
65 4 and to 66 4 mEq/liter at the intermediate
and high perfusion rates, respectively. Compared
with the chloride concentration of 23 mEq/liter in
the perfusion solution, there was a significant net
addition of chloride to the perfusate between per-
fusion and collection sites at all perfusion rates. Al-
so, there were significant increases in chloride de-
livery as perfusion rate was elevated; unlike the re-
No Perfusion rate of Perfusion rate of Perfusion rate of
perfusion 10 nllmin 16 or 20 nllminb 35 nllmin
SFP SFP SFP SFP SFP SFP
SFP Time early latee Time early late Time early late
Solution mm Hg mine mm Hg mm Hg mm mm Hg mm Hg mm mm Hg mm Hg
ATF 38 8 34 34 6 30 30 5 27 27
±1 ±1 ±2 ±2 ±1 ±2 ±2 ±1 ±2 ±2
(N = 8) (N = 7) (N = 8) (N 7)
Mannitol-LES 39 6 31 34 5 27 29 5 24 26
±2 ±1 ±1 ±2 ±0.4 ±3 ±3 ±1 ±2 ±2
(N = 11) (N = 8) (N = 8) (N = 7)
Urea-LES 37 7 26 30 5 27 29 6 24 25
±1 ±1 ±3 ±2 ±1 ±2 ±3 ±1 ±3 ±3
(N = 11) (N = 8) (N = 7) (N = 7)
Isotonic 39 3.4 25 31 3.2 25 29 3.6 29 34
mannitol ±1 ±0.4 ±2 ±1 ±0.8 ±3 ±3 ±0.6 ±1 ±1
solution (N = 14) (N 9) (N = 5) (N = 8)
a Values are the means ± SEM. Abbreviations are defined in Table 1.
b Perfusion rate was 16 ni/mm with mannitol-LES solution, 20 nI/mm with ATF, urea-LES, and isotonic mannitol solution.
This was the total time that the tubule was perfused at each perfusion rate.
d SFP was assessed during first I to 2 mm of perfusion.
SFP was assessed during last minute of perfusion.
Table 4. Loop function with changes in perfusion ratea
Perfusion rates of Perfusion rates of Perfusion rates of
5 to lOnlImin llto2O nllmin 2lto 35 nllmin
Mann. Urea Mann. Urea Mann. Urea
ATF sol. sol. ATF sol. sol. ATF sol. sol.
Perfusion rateb, 7 7.7 8 17 14 16 31 30 31
nI/mm ±0.4 ±0.5 ±1 ±1 ±1 ±1 ±1 ±2 ±2
Netabsorption 4 —3.4 1.6 5.9 —3.4 1.2 6.6 —5.1 1.1
orinflux,nl/min ±0.4 ±0.3 ±0.5 ±0.7 ±0.6 ±0.7 ±1 ±0.9 ±0.8
Fractional absorption 55 —43 22 36 —26 8.8 21 17 3.5
orinflux,% ±5 ±7 ±8 ±4 ±5 ±4.7 ±4 ±3 ±2.6
Distal chloride 242 890 439 1142 1099 874 2895 2217 2167
delivery,pEq/min ±36 ±48 ±63 ±140 ±81 ±108 ±208 ±165 ±240
Net chloride 633 —714 —262 1022 —790 —475 937 —1557 —1364
absorptionorinflux, ±59 ±52 ±58 ±120 ±78 ±90 ±280 ±145 ±223
pEq/min
Distalsolute 612 3264 1183 2499 5031 3569 6212 11,438 8044
delivery,pOsmlmin ±58 ±189 ±188 ±256 ±248 ±473 ±340 ±712 ±666
Net solute absorption 1409 —968 1088 2439 —991 1124 2726 —2680 1154
orinflux,pOsmlmin ±110 ±130 ±150 ±251 ±176 ±287 ±414 ±390 ±498
a Values are the means ± SEM. ATF is artificial tubular fluid, and mann. sol. is mannitol solution.
of fluid or solute into the tubular lumen.
b Calculated from distal flow rate and TFIP (methoxy-3H) inulin.
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Fig. 3. Relationships between perfusion rate and distal tubular
flow rate (lower panel), distal tubular chloride concentration
(middle panel), and distal tubular fluid osmolality (upper panel)
in tubules perfused with mannitol-LES (low electrolyte solution).
suits with ATF, however, the increases in chloride
delivery were entirely the result of increases in vol-
ume flow rate. Distal tubule fluid osmolality with
mannitol-LES averaged 294 9 at the low PR,
298 7 at the intermediate PR, and 322 11
mOsmlkg at the high PR. At the two lowest per-
fusion rates, distal fluid osmolality was similar to
the osmolality of the perfusion solution; at the high
PR, however, the distal fluid osmolality was signifi-
cantly greater than that of the perfusion solution.
Solute delivery rose at each of the perfusion rates
and was the result of elevations in volume flow
rate and, to a lesser extent, increases in distal fluid
osmolality.
The changes in distal tubule fluid flow and com-
position occurring during perfusion with urea-LES
are shown in Fig. 4, and average values are included
in Table 3. With urea-LES, there was net absorp-
tion of fluid at least at the low and intermediate
rates. The TF/P methoxy-3H-inulin ratio averaged
1.56 0.28 at the low PR, 1.13 0.06 at the inter-
mediate PR, and 1.04 0.03 at the high PR. The
chloride concentration in the distal tubular fluid
samples averaged 66 4 at the low PR, 62 3 at
the intermediate PR, and 73 6 mEq/liter at the
high PR. These values were not significantly dif-
ferent from each other although they were all signif-
icantly greater than the chloride concentration of
the perfusate. Chloride delivery increased at each
perfusion rate and, as in the mannitol series, was
due to elevations in volume flow rate. Distal tubular
fluid osmolality was 200 9 at the low PR, 237 12
at the intermediate PR, and 268 11 mOsm/kg at
the high PR. Distal tubular fluid osmolality was sig-
nificantly lower than the perfusate osmolality (98
9 at the low PR, 62 12 at the intermediate PR, and
30 11 mOsmlkg at the high PR). Solute delivery
increased at each PR due to both increases in vol-
ume flow rate and in distal tubular fluid osmolality.
Figure 5 provides a comparison of some of the
distal tubular fluid data obtained in the ATF, urea-
LES, and mannitol-LES studies. With both urea-
LES and ATF, there was significant net absorption
of the perfusate between the perfusion and collec-
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in urea-LES-perfused tubules.
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influx of fluid as perfusion rate was elevated. With
urea-LES and mannitol-LES, there were progres-
sive increases in the influx of chloride at each per-
fusion rate. Net chloride absorption occurred, how-
ever, at each perfusion rate during perfusion with
ATF. There was an absolute absorption of solute
with both urea-LES and ATF but a significant influx
of solute with mannitol-LES. Finally, with each so-
lution, both chloride delivery and solute delivery in-
creased at each perfusion rate.
Discussion
The results of the present study demonstrate that
it is possible to obtain sustained feedback-mediated
decreases in both single nephron glomerular filtra-
tion rate (SNGFR) and stop flow pressure (SFP)
during orthograde distal nephron perfusion with so-
lutions containing low concentrations of electro-
lytes. ATF, isotonic mannitol, mannitol-LES, and
urea-LES produced similar overall decreases in
SNGFR. With solutions consisting predominantly
of nonelectrolytes, however, the major decrease in
SNGFR occurred at the lower perfusion rate. Simi-
larly, all four solutions produced approximately the
same decrease in SFP at the high perfusion rate, but
at the lower perfusion rate, the decrease in SFP
with the solutions containing primarily nonelec-
trolytes tended to be greater than it was with ATF.
Because the basic feedback responses during per-
fusion with ATF were used as the control data, it
should be mentioned that the SFP and SNGFR
feedback responses observed in our laboratory [17]
are similar to previous studies [18, 19], but are
slightly different than has been observed by some
investigators [7, 12, 20]. Specifically, during per-
fusion at 10 nllmin we observed significant reduc-
tions in SFP and SNGFR when compared with val-
ues obtained prior to the initiation of perfusion. Al-
so, the feedback responses observed at the highest
perfusion rate are somewhat greater than has been
generally reported [5, 12, 20]. These findings have
been discussed in greater detail previously [17].
Briefly, the subtle quantitative differences could be
due to the use of a wax-blocking technique, which
allows a stable and slightly higher plateau to be
reached during zero perfusion rate, and to the com-
position of the perfusion solution. The artificial
tubular fluid solution has a greater number of con-
stituents than are usually used in microperfusion
studies, including a bicarbonate concentration of 25
mEq/liter and sufficient sodium chloride to achieve
an osmolality equivalent to that of plasma. It should
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Fig. 5. Summary of the relationships between perfusion rate and
distal tubular flow rate (lower panel), distal tubular chloride con-
centration (middle panel), and distal tubular osmolality (upper
panel). For this figure, the perfusion rates between 0 to 10 nllmin,
11 to 20 nI/mm, and 21 to 35 nl/min were averaged.
tion sites. In contrast, with mannitol-LES, there
was a net influx of fluid into the perfused segment at
each of the perfusion rates. Measurements of distal
fluid chloride concentration revealed similarities be-
tween tubules perfused with mannitol-LES and
urea-LES. With these solutions, distal fluid chloride
concentration was below that of ATF at the inter-
mediate and high perfusion rates, but was signifi-
cantly higher than the concentration in the per-
fusate. Also, in response to increases in perfusion
rate, chloride concentration was not altered signifi-
cantly. In contrast, there were significant increases
in chloride concentration during increases in per-
fusion rate in the ATF group. The response of distal
tubular fluid osmolality to changes in perfusion rate
was similar in ATF and urea-LES perfused tubules.
With both of these solutions, osmolality was about
200 mOs/kg at the low PR and increased signifi-
cantly as PR was elevated. In the mannitol group,
distal tubular fluid osmolality was significantly
higher at each perfusion rate.
As shown in Table 4, there were progressive de-
creases in either fractional absorption or fractional
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be recognized that simple electrolyte solutions with
low concentrations of both chloride and bicarbo-
nate that are often used [5, 7, 12, 20] may be hy-
poosmotic to plasma by as much as 15 to 30 mOsm!
kg. This explanation for the greater feedback re-
sponses at low perfusion rates found in the present
study is, however, only tentative, and it is not cer-
tain whether subtle differences in composition and
osmolality of the perfusion solution influence feed-
back-mediated responses in SFP and SNGFR.
Because of the apparent discrepancies between
the studies in the rat by Schnermann et al [5, 12] and
our own studies in the dog [11], we initially reevalu-
ated the response of SFP and SNGFR to perfusion
with a pure isotonic mannitol solution. We ob-
served that an isotonic mannitol perfusate produced
feedback responses in about 80% of the tubules
tested. In several respects, however, the responses
observed with the isotonic mannitol solution were
different from the responses seen during perfusion
with ATF. First, in the tubules which did demon-
strate a feedback response, there was greater varia-
bility than that observed during perfusion with
ATF. Second, feedback responses during perfusion
with the isotonic mannitol solution appeared to
wane partially with time. This was especially true at
the high perfusion rates. Also, SFP was lowest at
the lower perfusion rate and increased an average of
3 mm Hg with further increases in PR. Thus, the
variability in feedback responses obtained during
perfusion with an isotonic mannitol solution might
be partially responsible for the previous negative re-
ports [5, 12].
We reasoned that perhaps one explanation for the
differences in feedback responses between ATF
and the isotonic mannitol solution was that per-
fusion with a solution devoid of electrolytes might
lead to an intraluminal environment at the distal tu-
bule that would prevent the initiation or mainte-
nance of feedback responses, especially at the high-
er perfusion rates. To test if minimal quantities of
various constituents normally present in tubular
fluid might be necessary for the integrity of the feed-
back mechanism, we used the basic ATF solution
with the exception that mannitol or urea replaced
most of the sodium chloride. With this modification,
SFP and SNGFR feedback responses were con-
sistently obtained in all tubules studied. Also there
was a decrease in the variability of the feedback
responses, and in addition, there was minimal wan-
ing of the responses with time.
To determine some of the compositional changes
that occur during flow through the perfused seg-
ments of the nephron, we obtained distal tubular
fluid collections during perfusion with ATF, manni-
tol-LES, and urea-LES. The distal tubular fluid
samples collected during perfusion with ATF dem-
onstrated that there was significant absorption of
fluid and solute at all perfusion rates. Specifically,
there were consistent increases in distal tubule fluid
chloride concentration and osmolality with increas-
ing PR. These results are qualitatively consistent
with previous microperfusion studies [5, 8, 18, 20—
25] demonstrating a direct relationship between per-
fusion rate and distal tubular fluid electrolyte con-
centration (sodium or chloride) and osmolality dur-
ing perfusion with isotonic solutions containing so-
dium chloride. In particular, the magnitude of the
changes in distal chloride concentration with
changes in perfusion rate were similar to those pre-
viously reported [8, 18, 20, 22, 23]. The absolute
values obtained for distal tubular fluid chloride con-
centration in the present study are, however, slight-
ly higher at each perfusion rate than has been re-
ported previously [8, 18, 20, 22, 23]. This is presum-
ably due to the more complex composition of the
artificial tubular fluid used in our laboratory and the
presence of relatively high concentrations of chlo-
ride necessary to have an isoosmotic solution. Ad-
ditionally, the presence of poorly permeable elec-
trolytes and solutes might augment fluid flow
throughout the perfused segment and allow less
time for absorption of sodium chloride.
During perfusion with mannitol-LES, the chloride
concentration in the distal tubule fluid was higher
than it was in the perfusate, indicating net entry of
chloride into the tubular fluid. With increases in PR,
chloride concentration decreased slightly, indicating
a reduced chloride influx per unit volume flow.
These results are consistent with previous studies
[5] where distal tubule fluid sodium concentration
decreased during increases in perfusion rate with an
isotonic mannitol solution. Distal tubule fluid osmo-
lality was higher in the tubules perfused with man-
nitol-LES than it was in the ATF perfused tubules
and was very similar to perfusate osmolality. Small
increases in osmolality occurred with further in-
creases in PR to maximum. Perfusion with urea-
LES also resulted in low distal tubular fluid chloride
concentrations that were not altered significantly
with increases in PR. In contrast, distal fluid osmo-
lality was low at the low perfusion rate and increased
progressively with elevations in perfusion rate. In-
terestingly, distal tubule fluid osmolality patterns in
the urea perfused tubules were very similar to those
seen in ATF-perfused tubules.
Analysis of the tubular handling of the three per-
fusates indicated that there was net absorption of
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fluid in both the ATF-and the urea-perfused tu-
bules; yet, there was net entry of fluid during per-
fusion with the mannitol solution and net chloride
influx during perfusion with urea and mannitol solu-
tions. In contrast, there was a net solute absorption
in the urea as well as the ATF-perfused tubules,
whereas a net solute influx occurred only with the
mannitol perfusate. It must be recognized, how-
ever, that these results represent the net absorption
or influx that occurred over the entire perfused seg-
ment and do not necessarily reflect how any partic-
ular component of the perfused segment responded
to a particular solution. For example, during per-
fusion with the low electrolyte solutions, it is not
possible to ascertain whether all of the perfused
segment contributed to the influx of chloride or
whether the influx of chloride occurred primarily in
the earliest portion of the perfused segment. With
the urea solution, distal fluid osmolality was signifi-
cantly lower than it was in the initial perfusion
solution. Presumably, continued sodium chloride
reabsorption by the thick ascending limb of the loop
of Henle was sufficient to allow dilution of the tu-
bular fluid.
Schnermann, Ploth, and Hermle [13, 26] have
proposed that the chloride ion may be the intra-
luminal constituent that participates in the initiation
of feedback responses. This proposal was based in
part on retrograde perfusion experiments, where it
was demonstrated that chloride-containing solu-
tions most consistently elicited feedback responses.
The results of the present study are not suppor-
tive of a role for chloride as the specific trigger
signal initiating feedback responses. With ATF,
SFP and SNGFR decreased, and distal tubular fluid
chloride concentration increased at each perfusion
rate. During perfusion at the low rate with the man-
nitol and urea solutions, SFP and SNGFR feedback
responses were greater, yet distal tubular fluid chlo-
ride concentrations were nearly the same as those
obtained with ATF. For example, during perfusion
at the low rate of 10 nllmin with urea-LES, SNGFR
decreased by 10 nl/min, and SFP decreased by 9
mm Hg. In contrast, with ATF as the perfusate,
SNGFR fell by 6 nI/mm, and SFP decreased by 4
mm Hg. In spite of the greater feedback responses
with urea-LES, perfusion at 10 nI/mm resulted in
distal tubular fluid chloride concentrations that
were about 11 mEq/liter lower than they were with
ATF. Likewise, when perfusion rate was increased
to the intermediate and high rates with either urea-
LES or mannitol-LES, distal tubular fluid chloride
concentrations did not change significantly, al-
though there were further decreases in SFP and
SNGFR with these solutions.
This analysis requires the assumption that mea-
surements of early distal tubular fluid chloride con-
centration reflect the chloride concentration at the
macula densa. Although the distance between the
macula densa and early distal tubule collection site
is relatively short, several groups [5, 27] have sug-
gested that at low perfusion rates, tubular fluid so-
dium chloride concentration increases between the
macula densa and the earliest surface distal tubular
segments. Thus, there is some uncertainty regard-
ing the extrapolation from chloride concentration
in the early distal tubule to that at the macula
densa, and this remains a possible explanation for
the lack of a correlation between feedback re-
sponses and chloride concentrations obtained dur-
ing perfusion with the nonelectrolyte solutions. Ac-
cordingly, it is not possible to rule out the hypothe-
sis that chloride is involved in initiating feedback
responses, although the results of the present study
do not directly support this notion.
In another recent study in the rat by Muller-Suur
and Gutsche [18], it was demonstrated that feed-
back-mediated responses occurred during ortho-
grade perfusion with sodium-free (lithium chloride)
and chloride-free (sodium acetate) solutions. Distal
tubule fluid chloride concentrations remained low
during perfusion with sodium acetate, and distal tu-
bule fluid sodium concentrations remained low dur-
ing perfusion with sodium-free solutions. These in-
vestigators concluded that there was no common
threshold for early distal sodium or chloride con-
centration at which the feedback starts to operate,
and that the intraluminal signal at the macula densa
initiating a tubuloglomerular feedback response is
not necessarily coupled to a single ion species.
Thus, previous studies in both rat and dog, as well
as the results of the present study, are consistent
with the view that no single constituent of the distal
tubular fluid serves as the primary signal mediating
feedback responses. Rather, the present experi-
ments tentatively suggest that some function of to-
tal solute concentration may participate in this pro-
cess.
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